Abstract: Background: Chronic pain is a significant clinical problem and a very complex pathophysiological phenomenon. There is growing evidence that targeting the endocannabinoid system may be a useful approach to pain alleviation. Classically, the system includes G protein-coupled receptors of the CB1 and CB2 subtypes and their endogenous ligands. More recently, several subtypes of the large superfamily of cation TRP channels have been coined as "ionotropic cannabinoid receptors", thus highlighting their role in cannabinoid signalling. Thus, the aim of this review was to explore the intimate connection between several "painful" TRP channels, endocannabinoids and nociceptive signalling.
INTRODUCTION
Persistent, chronic pain is a significant clinical problem and an extremely complex pathophysiological phenomenon that encompasses different pain conditions, symptoms and the whole hierarchy of intervening signal transduction pathways and mechanisms. Moreover, these ultimately culminate in pain sensation and experience, which, in turn, is also a *Address correspondence to these authors at the A.A. Bogomoletz Institute of Physiology, National Academy of Science of Ukraine, 4 Bogomoletz Street, Kiev 01024, Ukraine; Tel: +380 44 2562052; Fax: +380 44 2536458; E-mail: maksim@biph.kiev.ua and Educational and Scientific Centre "Institute of Biology and Medicine", Taras Shevchenko Kiev National University, 2 Academician Glushkov Avenue, Kiev 03022, Ukraine; Tel: +380 44 521 3299 ext. 2760; Fax: +380 44 521 3598; E-mail: a.zholos@univ.net.ua complex pain perception related emotional state. It seems logical to try and break the vicious cycle between noxious stimuli, peripheral and central sensitization and enhanced psycho-emotional stress at the "gate", where nociceptive signalling is initiated, yet the most efficient target in chronic pain treatment remains the opioid system of the brain. This system also controls reward and addictive behaviour; hence drugs acting at opioid receptors, opiates, are very addictive.
However, there is growing evidence that engaging the endocannabinoid system may be a useful complimentary (or even alternative) strategy, especially in refractory, difficult to treat cases of chronic pain [1] [2] [3] . The system includes neuroactive lipids and their receptors of the CB1 and CB2 subtypes, which are primarily found in the CNS and in the periphery, respectively [4] . Their activation likely acts in syn-ergy with the opioid system, but CB receptors independently regulate a host of other processes implicated in chronic pain, most notably synthesis and release of pro-inflammatory mediators.
In this context, the action of lipids and cytokines on neuronal sensory Ca 2+ -permeable Transient Receptor Potential (TRP) channels is of particular interest, as many members of the large TRP superfamily of ion channels are increasingly implicated as important sensors of noxious stimuli [5] [6] [7] [8] . Pharmacological targeting of these channels in pain may thus represent a useful strategy avoiding the wide-spread CNS side effects of the currently used drugs. By engaging the native protective cell signalling pathways, endocannabinoids (eCBs) as well as related phytocannabinoids can be promising candidates for the treatment of chronic pain since they possess low toxicity and low addiction potential. In this regard, inhibitors of enzymes (for example, fatty acid amide hydrolase (FAAH)) that hydrolyze eCBs are of particular interest [9] .
Indeed, there is an enhanced thermal (to both cold and heat) and mechanical (to both touch and pressure) sensitivity in the chronic pain syndrome. Thus, the modulation of activity and properties (e.g. activation threshold, voltage dependence, polymodal regulation) of thermo-and mechanosensitive TRP channels can be of special interest in these conditions. It is also hardly coincidental that these same channels show distinct lipid-sensing properties, while various lipids strongly affect the sensitivity of TRPs to their natural activators. Here we aim to review the rapidly accumulating, but still remaining somewhat disparate, results indicating the connection between the endocannabinoid system and several thermo-and mechanosensitive TRP channels. We begin with a brief overview of physiological and pathophysiological roles of the endocannabinoid system and TRP channels in the nervous system, then discuss neuropharmacology of endo-and exogenous cannabinoids with reference to chronic pain conditions and other pathophysiological conditions, and summarise the current evidence for the action of these compounds on TRP channels, by focusing in particular on TRPA1, TRPV1-V4, and TRPM8 channels as some novel putative non CB1/CB2-receptors for cannabinoids. Finally, from this perspective we discuss possible cellular mechanisms linking nociceptive and cannabinoid signalling with TRP channels, and the promise of these groups of drugs and ion channels in the control of abnormal nociceptive signalling at the "gate".
THE ENDOCANABINOID SYSTEM
Endocannabinoids modulate a variety of fundamental physiological processes. Changes of endocannabinoid signalling accompany many diseases and hence the endocannabinoid system is considered as a potentially important therapeutic target. In addition, cannabinoids are widely used and abused drugs with a significant cost to the society. Therefore, scientific advances in our understanding of the neurobiology of cannabinoid signalling may lead to better treatment and/or prevention of drug abuse.
Major Components of The Endocannabinoid System
Derivatives from the plant Cannabis sativa have been used for medicinal and recreational purposes for thousands of years. Nevertheless, our knowledge of the chemistry of cannabinoids and physiological aspects of their action is relatively recent. Only in 1964, when the structure of the most active ingredient Δ9-tetrahydrocannabinol (THC) that produces the primary psychoactive effects was determined by the Mechoulam's laboratory [10] , 'the cannabinoid field was placed on a firm footing' [11] . This led to the synthesis of high-affinity cannabinoid ligands and eventually the identification of a brain cannabinoid receptor (CB1) [12, 13] . The second type of cannabinoid receptor (CB2) has been identified shortly afterwards [14] . Unlike CB1, which is abundantly expressed in several brain structures, CB2 receptors are predominantly localised in cells and tissues of the immune system. Over one hundred of other active cannabinoids have been identified in cannabis, classified as phytocannabinoids, such as the major phytocannabinoid cannabidiol (CBD) [3] .
The discovery of cannabinoid receptors prompted a search for their endogenous ligands, the so-called endocannabinoids. In the 1990s, two endogenous brain lipids were identified as CB1 ligands: N-arachidonoylethanolamine (anandamide) [15, 16] and 2-arachidonylglycerol (2-AG) [15, 17, 18] . Other endogenous agonists of cannabinoid receptors, O-arachidonoyl ethanolamine (virodhamine) [19] , N-arachidonoyl dopamine (NADA) [20] and 2-arachidonoyl glyceryl ether (noladin ether) [21] , have later been discovered. These five best-characterised eCBs have the common 19-C backbone structure. Unlike classical neurotransmitters eCBs are not stored, instead, they are rapidly synthesized "on demand" and released by neurons in response to depolarization and consequent Ca 2+ influx [22] . Since these molecules are hydrophobic (lipophilic), their action is thought to be limited mainly to local cell signalling in a paracrine or autocrine manner. Moreover, these lipid messengers are very short lived, as there exist powerful systems for their transport and biodegradation.
Two possible routes of 2-AG biosynthesis in neurons were considered [1] . Phospholipase C (PLC)-mediated hydrolysis of membrane phospholipids produces diacylglycerol (DAG), which may be subsequently converted to 2-AG by DAG lipase activity. Alternatively, phospholipase A1 (PLA 1 ) may generate a lysophospholipid, which may be hydrolyzed to 2-AG by lyso-PLC. The fact that various structurally distinct inhibitors of PLC and DGL prevent 2-AG formation in cultures of cortical neurons indicates that the PLC/DGL pathway may play a primary role in this process [23] . Anandamide is thought to be produced via hydrolysis of the phospholipid precursor N-arachidonoyl phosphatidylethanol-amine (PE), catalyzed by a phospholipase D-type activity [1] . Finally, there are specific mechanisms for transport and degradation of eCBs accounting for termination of their action [1] .
These, and more recent results (see [2, 24] for reviews) have shown the existence of an endocannabinoid signalling system, which includes: 1) two 7-transmembrane-domain G protein-coupled receptors (GPCRs) for THC -CB1 and CB2; 2) their two most studied endogenous ligands, the eCBs anandamide and 2-AG; 3) the five enzymes responsible for endocannabinoid biosynthesis (N-acyl-phosphatidyl-ethanolamine-selective phospholipase D (NAPE-PLD) and DGL α and β, for anandamide and 2-AG, respectively) and hydrolytic inactivation (FAAH and monoacylglycerol lipase, for anandamide and 2-AG, respectively) [24] .
Currently, however, 'giving a definition of the complex endogenous signalling system known as the "endocannabinoid system" is becoming an increasingly difficult task' [24] . The reasons for the difficulty are discussed in details in the recent review [24] . Below we will mention just some of them. First, eCBs seem to target not only cannabinoid receptors. Among the potential targets are ligand-gated ion channels like 5-HT 3 , glycine and nicotinic acetylcholine receptors, cation channels of the TRP superfamily, such as TRPV1-4, TRPA1 or TRPM8, voltage-gated ion channels like T-type calcium channels or TASK potassium channels, and metabotropic receptors like GPR55 (for review see [4] ). In this regard it is worth mentioning that TRPV1 receptors are suggested to be considered as ionotropic receptors for anandamide by some authors [25] [26] [27] [28] . Second, a number of active at cannabinoid receptors novel endogenous lipids have been recently identified (for review see [29] ). Moreover, the family of eCBs has recently grown to include a group of peptide ligands (so-called pepcans) acting as allosteric modulators of CB1 receptors [30] [31] [32] . Thus, even more targets of eCBs are likely to be identified in near future. Third, both anandamide and 2-AG have more than just one set of biosynthetic and degrading pathways and corresponding enzymes. A further complexity is that in some cases enzymes, which are "degrading" for eCBs, are "biosynthetic" for other mediators [24].
Physiological and Pathological Roles of the Endocannabinoid System: Focus on Synaptic Transmission and Pain
As judged from recreational and ancient medicinal use of Cannabis sativa, the roles of the endocannabinoid system should be predominantly related to: 1) cognition; 2) mood; 3) nociception and mechanisms counteracting inflammation; 4) regulation of food intake. While these roles have been confirmed with a variety of methods, it now appears that those are just a tip of an iceberg. The endocannabinoid system is involved in overwhelming variety of physiological processes -not only in the nervous, but also in the digestive, reproductive, respiratory and immune systems. Endocannabinoids enhance appetite, reduce pain, act as neuroprotectants and regulators of cytokine production and are somehow involved in the extinction of memories, to mention just a few of their effects.
Thus, it is not surprising that targeting the endocannabinoid system is suggested as a promising treatment opportunity for a number of pathological states. To mention just a few recent reviews, related to the nervous system only, these include anxiety and depressive symptoms [33, 34] ; Alzheimer's disease [35] ; schizophrenia [36] [37] [38] ; pain and inflammation [9, 39, 40] ; multiple sclerosis [41] ; stroke and brain trauma [42] ; Parkinson's disease [43] ; epilepsy [44] and addiction [45] .
Considering that CB1 receptors are predominantly localized on synaptic terminals, indicating their important role in synaptic transmission, that information from nociceptors to the brain is passed via synapses, and that many important principles of functioning of the endocannabinoid signalling system have been discovered as a result of studying its role in synaptic transmission we will start with a brief overview of the studies addressing physiological role of eCBs in modulation of synaptic transmission and principles of functioning of eCBs emerged from these studies. Namely, we will consider retrograde and nonretrograde modes of action of eCBs in information processing, differential roles of anandamide and 2-AG, crosstalk between CB receptors and TRPV1, and finally underestimated roles of CB2 in the central nervous system and CB1 in the periphery.
Regulation of Synaptic Transmission by Endocannabinoids

Endocannabinoids are Involved in Retrograde and Nonretrograde Signalling in Several Types of Synapses
Retrograde signalling means that eCBs are mobilized from postsynaptic neurons and activate presynaptic CB1 receptors, thus suppressing neurotransmitter release. The CB1 receptor is one of the most widely expressed GPCRs in the brain [46] , and it is widely present both in the central and peripheral nervous system [47] . Within the neuron, CB1 receptors are often localized at axon terminals, and their activation leads to inhibition of transmitter release. The consequence is inhibition of neurotransmission via a presynaptic mechanism (see [48] for a review).
Perhaps one of the most exciting findings regarding cellular mechanisms of endocannabinoid action on synaptic transmission was the discovery of their role as retrograde messengers activating CB1 receptor [49, 50] . Important support for the role of eCBs as retrograde messengers came subsequently from the study of an electrophysiological phenomenon termed "depolarization-induced suppression of inhibition" (DSI), discovered initially in Purkinje neurons [51] in cerebellum and hippocampal pyramidal cells [52] , but present also in neurons from neocortex (in several species) [53] [54] [55] . Postsynaptic spike firing or brief depolarization of the membrane of the postsynaptic neuron results in a transient (lasting about one minute) suppression of GABAergic synaptic transmission. Although DSI is triggered by a postsynaptic increase in intracellular free calcium ion concentration ([Ca   2+ ] i ), its localisation is presynaptic [56] . The role of eCBs as retrograde messengers in DSI was independently demonstrated by two groups [49, 50] . Specifically, it was shown that eCBs 'are released from postsynaptic neurons and travel backward across synapses, activating CB1 on presynaptic axons and suppressing neurotransmitter release' [11] . Moreover, a mechanistically similar phenomenon, depolarization-induced suppression of excitation (DSE), is also mediated by retrograde action of eCBs [57] . In addition, eCBs contribute to presynaptic forms of long-term depression (LTD) at both excitatory and inhibitory synapses [58] [59] [60] [61] . These are now some of the best characterized retrograde messengers mediating multiple forms of short-and long-term synaptic plasticity [62] [63] [64] . There are important signal transduction differences in these forms of synaptic plasticity: short-term plasticity involves direct G proteindependent inhibition of presynaptic Ca 2+ influx through volt-age-gated Ca 2+ channels [57, 65] , while long-term plasticity involves inhibition of adenylyl cyclase and the cAMP/PKA pathway [63, 66] .
It is worth noting that besides CB1-dependent LTD of synaptic transmission, CB1-dependent long-term potentiation has recently been reported [67] . Indeed, it was shown that 2-AG-dependent retrograde signalling also mediates a sustained enhancement of glutamate release in the lateral perforant path, one of the two cortical inputs to the granule cells of the dentate gyrus. Induction of this form of longterm potentiation involved two types of glutamate receptors, changes in postsynaptic [Ca 2+ ] i , and the postsynaptic enzyme that synthesizes 2-AG [67] .
Nonretrograde signalling means that eCBs produced in postsynaptic neurons activate postsynaptic CB1 receptor or TRPV1 channels. Self-inhibition of neocortical GABAergic interneurons mediated by eCBs and CB1 receptor causing postsynaptic hyperpolarisation involves [Ca 2+ ] i rise, production of 2-AG and coupling of CB1 receptor to a G proteinregulated inwardly rectifying K + channel [68] [69] [70] . More recently, intracellular CB2 receptors were also found to mediate self-inhibition in prefrontal cortical pyramidal neurons [71] . This action is explained by functional coupling of CB2 receptors to Ca 2+ -activated chloride channels to decrease neuronal firing [72] .
There is also growing evidence regarding underestimated role of central CB2 receptors. Thus, CB2 receptor mRNAs were found to be mostly expressed in a subset of excitatory and inhibitory neurons in the CA1, CA3 and dentate gyrus areas, but rarely in microglia [73] . Deletion of CB2 cannabinoid receptors impairs contextual long-term memory and enhances spatial working memory [74] .
Different Endocannabinoids Play Distinct Roles in the Regulation of Synaptic Transmission
Among the first indications of distinct roles of anandamide and 2-AG was the discovery of a striking difference in localisation of two endocannabinoid-hydrolyzing enzymes, FAAH and monoglyceride lipase. Indeed, it was found that FAAH hydrolyzing anandamide is predominantly localized in somata and dendrites of principal cells, but not in interneurons [75] . It was located mostly on the membrane surface of intracellular organelles known to store Ca 2+ (e.g. mitochondria, smooth endoplasmic reticulum), and less frequently on the somatic or dendritic plasma membrane [75] . In contrast, monoglyceride lipase, which catalyses 2-AG hydrolysis, is predominantly localized on axon terminals of granule cells, CA3 pyramidal cells and some interneurons [75] . These results strongly suggest that anandamide and 2-AG may have different functions. Convincing evidence for this has been reported at about the same time. It was demonstrated that inhibition of cyclooxygenase-2 (COX-2), but not FAAH, prolonged DSI in hippocampal pyramidal neurons [76] . Since COX-2 inhibition (affecting hydrolysis of both, 2-AG and anandamide) was effective, while inhibition of FAAH (selectively affecting anandamide hydrolysis) was not, it was concluded that 2-AG rather than anandamide mediated DSI in hippocampal neurons.
Since then, differential roles of anandamide and 2-AG in the regulation of synaptic transmission has been unequivocally demonstrated in a variety of preparations. Moreover, it is currently generally accepted that despite similarities in their chemical structure, 2-AG and anandamide synthesized and degraded by distinct enzymatic pathways, play fundamentally different physiological and pathophysiological roles [38, 77] .
Interaction of Cannabinoid Receptors with other Proteins
Although several potentially interacting with CB1 proteins have previously been described [78, 79] relatively little is still known about other proteins, which may assemble with CB1 receptor in a multiprotein signaling complex. In this regard it is worth mentioning a recent finding identifying cannabinoids as key upstream regulators of the WiskottAldrich syndrome protein-family verprolin-homologous protein 1 (WAVE1) complex via physical interactions within the CB1 receptor assembly [80] . It has been shown that the interactions play a fundamental role in actin dynamics and structural modulation in growth cones during development, as well as in activity-induced plasticity of dendritic spines [80] . Moreover, evidence has been provided that the interactions are important for inflammatory pain. Indeed, CB1 receptor agonists attenuated activity-dependent remodeling of dendritic spines in spinal cord neurons in vivo and suppressed inflammatory pain by regulating the WAVE1 complex [80] .
Apart from previously reported desensitization, CB1 receptor sensitizes TRPV1 and promotes anandamideresponsiveness of TRPV1 in a major sub-population of capsaicin-sensitive primary sensory neurons, probably, again via a protein-protein interaction [81] . These results 'indicate that increased tissue levels of anandamide, which seems to have limited TRPV1 desensitizing effect, could significantly reduce the potential analgesic efficacy of FAAH inhibitors. Therefore, in order to utilise the analgesic potential of endogenous anandamide fully in PSN, ways to interfere with the mechanisms, through which the CB1 receptor promotes anandamide-responsiveness and sensitization of TRPV1, must be identified' [82] .
Although not direct, but functionally very important interaction of CB1 and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels has recently been reported to occur in pyramidal cells located in the superficial portion of the CA1 pyramidal cell layer (but absent from deep-layer cells) [83] . This interaction involves c-Jun-N-terminal kinases (JNKs), nitric oxide synthase, and intracellular cGMP [83] . These results raise an interesting question about possible presence of CB1-HCN pathway in peripheral sensory neurons and, thus, its potential role in chronic pain.
RELATIONS BETWEEN THE ENDOCANNABINOID SYSTEM AND "PAINFUL" TRP CHANNELS
Although multiple physiological roles have been attributed to eCBs, as already discussed above, these natural neuroactive lipids have recently received most prominent attention as putative messengers for pain control, especially in the settings of persistent, chronic pain of both neuropathic and inflammatory origin [2, 84, 85] . At the same time, many members of the large TRP superfamily of cation channels are increasingly implicated as important sensors of noxious stimuli. There is also growing evidence indicating that, first, not all antinociceptive effects of cannabinoids are mediated exclusively by CB receptors, and, second, that several TRP subtypes may represent novel molecular targets for cannabinoids, as will be discussed in more detail later. These channels are sometimes even referred to as "ionotropic cannabinoid receptors" [86, 87] to distinguish them from the classical, G protein-coupled, or metabotropic CB1 and CB2 receptors. However, it is important to note that these same channels have many other primary physiological roles, for example in thermo-and mechanosensation, and although their cannabinoid sensitivity contributes to polymodal regulation of these TRPs it is unlikely to be the main factor of channel activation, at least under physiological conditions.
For the purposes of this review, of special interest are the effects on TRP channels of eCBs and phytocannabinoids. The latter group will be included in our discussion since most of phytocannabinoids are considered as nonpsychoactive, and thus clinically useful drugs for pain management [88, 89] . Indeed, both eCBs and phytocannabinoids clearly are multiple-target drugs affecting various enzymes, receptors and ion channels, including TRPs.
"Painful" TRP Cation Channels
There is currently substantial evidence indicating multiple key roles of several TRP channels not only in detecting noxious stimuli and signalling within the pain system, but also in pain arising without a well-defined noxious input, e.g. when it outlasts the initial tissue damage and/or inflammation and becomes chronic. TRP channels are ubiquitous in sensory neurones, where they respond to mechanical, thermal and chemical stimuli and also interact with GPCR and cytokine receptors [90] . When their stimulation becomes excessive or, alternatively, their sensitivity to the stimuli becomes abnormally enhanced, activation of these channels causes painful sensations. The most obvious examples of such responses are those caused by compounds known to elicit unpleasant or painful sensations, such as cinnamaldehyde, mustard oil, gingerol, capsaicin and icilin-molecules now known as agonists of specific excitatory TRP subtypes, as well as thermal pain due to excessive cold or hot temperature mediated by thermosensitive TRPs.
The founding TRP member triggering much interest in the TRP-pain connection was identified by Julius and coworkers in 1997 as a polymodal sensor TRPV1, which is both the capsaicin receptor and heat-activated Ca 2+ -permeable channel [91] . This discovery was followed by the identification of the menthol and cold receptor TRPM8 in 2002 [92] and, somewhat later, noxious cold and pungent compounds (such as mustard oil) sensitive TRPA1 [93] [94] [95] , which substantiated a more general role for TRP channels both in thermosensation and pain. Other TRPs widely discussed in connection with pain include TRPV2, TRPV3 and TRPV4 [5-8, 96, 97] . It is interesting to note that all these "painful" TRP channels physiologically are primarily thermosensitive channels (albeit they differ in the temperature range needed for their activation, from <17 O C for TRPA1 to >50 O C for TRPV2). However, it may be argued that thermal sensitivity is not necessarily the sole reason for their role in nociception [5] . In experimental models of pain, siRNA interference, antisense approach and knockout studies firmly confirmed the important roles of TRPV1, TRPV4 and TRPA1 channels in nociceptive signalling in vivo (reviewed in [5] ).
TRPV2 knockout mice became available more recently, and they showed surprisingly normal heat responsiveness, thermal and mechanical nociception, including under inflammatory or neuropathic conditions [98] . With regard to TRPM8 the results are mixed -one study demonstrated no role of TRPM8 (unlike TRPA1) in cold hyperalgesia after spinal nerve injury [99] , yet in chronic neuropathic pain TRPM8 activation produced analgesia [100] . Recently with the use of ablation of TRPV1 or TRPM8 expressing cells, significantly decreased responses to noxious heat and cold, respectively, have been demonstrated in mice [101] .
There is also substantial evidence demonstrating that TRPV1 and TRPV4 channels are involved in inflammatory hyperalgesia, while more recently TRPC1 and TRPC6 have been implicated in mechanical hyperalgesia (reviewed in [6] ). In addition, expressed in macrophages and microglia TRPM2, which is primarily a sensor for reactive oxygen species, contributes to the pathogenesis of inflammatory and neuropathic pain [102] . TRPM3, the most recently identified thermosensitive TRP, can detect noxious heat and is involved in the development of inflammatory heat hyperalgesia [103] .
One subject that attracted particularly large body of research is TRP sensitization produced by inflammation mediators, such as ATP, the cytokines, prostaglandins, bradykinin and neuropeptides (e.g. substance P). The role of TRPV1 in inflammatory pain has been most extensively investigated. Mediators of inflammation and the second messengers they engage strongly sensitize TRPV1 thus causing thermal hyperalgesia. Signal transduction involves both protein kinase A (PKA) and protein kinase C (PKC) mediated phosphorylation of TRPV1 leading to increased channel translocation to the plasma membrane and enhanced channel activity, respectively (reviewed in [6] ). Inhibition of the AKAP79/150 protein prevents TRPV1 sensitization, at least that caused by bradykinin and PGE2 and mediated by PKA [104] .
The above discussed channels, TRPV1 and TRPA1 in particular, are thus believed to be very promising molecular targets for the next generation of analgesics, although the real success of such drugs is yet to be seen [7, 8] . Since multiple TRP subtypes are involved in pain transduction, the possibility of developing nonselective TRP antagonist as a useful strategy for pain treatment has been raised [8] . However, there is also valid concern that, giving the channels are widely expressed in the nervous system and on the periphery and that they can structurally and functionally interact with other TRP subtypes, such drugs (either subtype selective or nonselective) may have a number of side effects. One spectacular example of such problems is represented by the attempts to develop TRPV1 antagonists, which did not pro-gress beyond testing in Phase II trials due to problems with the regulation of body temperature and detection of noxious heat [97] . Therefore, strategies aimed at preventing channel translocation to the plasma membrane or enhancement of channel sensitivity, rather than channel blockade, are also advocated [7] . As will be discussed in the following section, in some cases abrogation of channel sensitization can indeed be achieved through the action of cannabinoids.
Regulation of TRP Channels by Cannabinoids
Although regulation of several TRP members by cannabinoids is our main interest here, it should be noted that this represents only a subset of the very important and widespread TRP regulatory mechanisms involving lipids. Thus, there is an intricate voltage-lipid connection, especially relevant to gating of TRPV and TRPM channels [105, 106] . The action of various phosphoinositides, in particular phosphatidylinositol 4,5-bisphosphate (PIP 2 ), has received much interest. Phospholipids turnover typically occurs subsequent to activation of many types of GPCR, some of which are intimately involved in nociceptive signalling (e.g. bradykinin and prostanoid receptors activated by prostaglandins).
Thus, activation of phospholipases can affect TRP channels. Indeed, TRPA1, TRPV3 and TRPV4 channels are activated by PIP 2 . TRPV1 channel is also affected by PIP 2 , there is controversy, however, as to whether it is inhibited [107] or activated [108, 109] by this phosphoinositid. TRPV4 and TRPM8 are directly activated by the products of the phospholipase A 2 (PLA 2 ) activity [110] [111] [112] . Depletion of PIP 2 limits TRPM8 activity, thus representing a rather unique mechanism of channel desensitization following Ca 2+ entry and activation of a Ca 2+ -sensitive PLC [113] .
Therefore, regulation of various TRP channels by cannabinoids appears to be a part of the more general regulatory mechanisms via lipid signalling. Several specific examples will be discussed below, while summarising the findings in Table 1 .
TRPV1
In the study of the vasodilator action of anandamide it was identified as the first selective endogenous TRPV1 agonist, which activated vanilloid receptors on perivascular sensory nerves and caused release of calcitonin gene-related peptide (CGRP), an action not mimicked by other endogenous and synthetic CB1 and CB2 receptor agonists [114] . These findings have established a novel paradigm for the existence of non-CB1 or CB2 molecular targets of cannabinoids within the TRP superfamily of cation channels (reviewed in [115] . It should be noted that although anandamide and capsaicin have similar affinities for TRPV1, anandamide has considerably lower potency (reported EC 50 values in the range 0.7-5 µM for anandamide [116] and 9.1 nM for capsaicin [117] ). In acutely dissociated small dorsal root ganglion neurons, anandamide activates Ca 2+ entry via TRPV1 in a manner that differs from that of capsaicin suggesting a primarily modulatory mode of action of anandamide on TRPV1 [118] . It also has relatively low intrinsic efficacy at the TRPV1 receptor in comparison to the CB1 receptor, and hence the relevance of anandamide activation of TRPV1 in the context of the above discussed endocannabinoid system functioning remains controversial. One needs to consider possible concentration-and timedependent effects of anandamide on the two molecular targets, possible colocalisation of CB1 and TRPV1, as well as dynamic regulation of the efficacy and potency of anandamide at TRPV1 by multiple factors, as well as complex regulation of neuropeptide release by anandamide to fully understand these connections [116] .
Since anandamide is low-potency partial TRPV1 agonist, its binding to TRPV1 should attenuate the action of a full agonist, consequently producing analgesic and antiinflammatory effects. Another eCB, NADA, was later found in the brain and shown to be a potent (EC 50 of about 50 nM) TRPV1 agonist [20] . Indeed, NADA evoked a TRPV1-mediated thermal hyperalgesia. Furthermore, NADA induced the release of substance P and CGRP from dorsal spinal cord slices and enhanced hippocampal paired-pulse depression, suggesting NADA/TRPV1-mediated role in synaptic plasticity [20] . Endocannabinoid-and TRPV1-mediated regulation of synaptic strength at central synapses was demonstrated in the dentate gyrus and the nucleus accumbens where TRPV1 activation by anandamide induced postsynaptic LTD [119, 120] .
TRPV1 has also been shown to be a molecular target for CBD and its synthetic analogues [121, 122] . It stimulated TRPV1 with EC 50 of 1-3.5 µM and efficacy similar to capsaicin. Interestingly, the effects of both TRPV1 agonists were not additive, while CBD desensitized TRPV1 to capsaicin. Another action of CBD is the inhibition of anan- [94, 132, 136] damide hydrolysis [121, 122] . In a rat model of acute inflammation, pharmacological evidence indicates that antihyperalgesic action of CBD is mediated via TRPV1, rather than CB1 or CB2 receptors [123] .
One especially useful strategy for pain relief is based on TRP desensitization caused by agonists, exemplified by capsaicin action on TRPV1 [124] , although administration of TRP agonists may initially cause discomfort and even acute pain. It is interesting to note in this connection that TRPV1-specific synthetic cannabinoid, arachidonoyl-2 chloroethanolamine, was found to desensitize TRPA1 channel and inhibit mustard oil-evoked responses in a TRPV1-dependent manner [125] . Alternatively, TRPA1-selective cannabinoids can desensitize TRPV1 via a Ca 2+ -dependent calcineurin pathway [126] . Additionally, there is now evidence that endocannabinoid 2-AG activates and desensitizes TRPV1 [127, 128] .
TRPV2
Cannabinoids represent the sole class of naturally occurring TRPV2 modulators. In calcium mobilization and electrophysiological tests, CBD showed highest potency (EC 50 of 3.7 µM), followed by THC (EC 50 of 14 µM) and cannabinol (CBN) (EC 50 of 77.7 µM) [129] . Functionally, CBD triggered release of CGRP from cultured rat dorsal root ganglion neurons, an effect not dependent on activation of a cannabinoid receptor or TRPV1.
In a systematic study of 11 pure cannabinoids and botanical extracts from Cannabis varieties De Petrocellis et al. (2011) [122] using HEK293 cells expressing rat TRPV2 found that some of these compounds strongly activated TRPV2 with a rank potency THC > CBD > cannabigivarin (CBGV) > cannabigerol (CBG) > tetrahydrocannabivarin (THCV) > cannabidivarin (CBDV) > CBN, whereas can- Fig. (1) . Schematic illustration of various interactions between the endocannabinoid signalling system and 'painful' TRP channels in pain control. Acidic 'inflammatory soup' represents peptides, such as bradykinin and cytokines, various lipid messengers, such as prostaglandins, neurotransmitters (serotonin, and ATP) and neurotrophic factors, such as NGF. These various factors acting in synergy can strongly sensitize sensory nerve endings by altering the activation threshold and sensitivity of several TRPs to thermal and mechanical stimuli, thus leading to hyperalgesia. Several mechanisms that can, with the involvement of the endocannabinoid system, counteract these effects are listed below. See text for details of the mechanisms involved. nabinoic acids were inactive or less potent. Importantly, CBGV, THC, CBG, CBD and THCV induced TRPV2 desensitization in a dose-dependent manner with potency unrelated to the rank order of their potency for channel activation [122] .
TRPV3 and TRPV4
De Petrocellis et al. (2012) [130] also found that CBD and THCV activated TRPV3 with high efficacy and potency (EC 50 of 3.7 µM). CBDV and THCV activated TRPV4 with EC 50 of 0.9-6.4 µM, whereas other cannabinoids (including CBGV, CBN and CBG) were significantly more efficacious at desensitizing this channel to TRPV4 agonist 4α-PDD than at activating it [130] . Moreover, the authors showed that cannabinoids can negatively regulate the expression of TRPV1-4 channels.
Anandamide can also cause robust activation of TRPV4, although in an indirect manner, through its metabolite arachidonic acid (AA) and the cytochrome P450 epoxygenasedependent formation of epoxyeicosatrienoic acids [112] .
TRPM8
Phytocannabinoids and cannabis extracts also exert some of their pharmacological actions by interacting with the cold and menthol receptor TRPM8. In HEK293 cells overexpressing TRPM8, anandamide and NADA inhibited TRPM8 at submicromolar concentrations. Activation of the co-expressed CB1 receptors also inhibited TRPM8 response to icilin [131] . Furthermore, of the six phytocannabinoids tested (CBD, CBD acid, THC, THC acid, cannabichromene (CBC), and CBG), all, with the exception of CBC, also inhibited menthol-and icilin-evoked [Ca 2+ ] i increases at submicromolar concentrations [132] . CBG inhibited [Ca 2+ ] i elevation in icilin-sensitive DRG neurons with potency (IC 50 of 4.5 µM) similar to that of anandamide. Collectively, these findings implicate these compounds in the treatment of cancer [127, [133] [134] [135] and pain.
TRPA1
TRPA1 is not only cold receptor involved in acute noxious sensation and in cold allodynia induced by inflammation, nerve injury, and peripheral neuropathy [114] , but also a highly promiscuous pharmacophore. Cannabinoids are no exception in case of TRPA1. The use of mustard oil, a well defined TRPA1 agonist, in animal models of acute pain and hyperalgesia prompted investigation of TRPA1 as yet another TRPA1 ionotropic cannabinoid receptor. Jordt et al. (2004) have found that THC excites sensory nerve fibres via TRPA1 [94] . All THC-sensitive sensory neurons from rat trigeminal ganglia also responded to mustard oil, and responses to both agonists could be blocked by ruthenium red.
In the above mentioned study of De Petrocellis et al. ] i rises with potency comparable to that of mustard oil isothiocyanate (the most potent being CBC with EC 50 of 60 nM) [132] .
One of the effects of TRPA1 activation is reduction of voltage-gated calcium and sodium currents in primary sensory neurons, and intrathecal injection of a non-electrophilic cannabinoid, THC, also produced TRPA1-dependent antinociception in the hot-plate test, similarly to the injected electrophilic TRPA1 activator cinnamaldehyde [136] , thus suggesting that a TRPA1 agonistic approach could be useful for pain treatment. In this scenario, the initial activation of TRPA1 on sensory neurones by cannabinoids is followed by receptor desensitization, thus contributing to the antiinflammatory and analgesic effects of these compounds [137] . Moreover, cannabinoid-induced activation of TRPA1 also induced desensitization of capsaicin-induced currents in cultured TG neurones, an effect lost in TRPA1
-/-cells [137] . In this connection, it is interesting to note that non-steroidal anti-inflammatory drugs, such as the fenamate analogues, can also activate TRPA1 [138] .
Possible Cellular Mechanisms Linking Nociceptive and Cannabinoid Signalling with TRP Channels
While the important roles of the cannabinoid system and several TRP channels in the pain control are well documented (Sections 2.2, 2.3 and 3.1, respectively), it seems a daunting task to place all the findings regarding regulation of TRP channels by cannabinoids (Section 3.2) within the framework of nociceptive and cannabinoid signalling. In general, activation of TRP channels causes three major cellular outcomes: membrane depolarisation, mainly due to Na + influx, and consequently generation of action potentials in excitable cells, such as neurones; (2) -dependent K + and Cl -channels, modulation of neurotransmitter release, desensitization of some TRPs such as TRPV1, etc. However, activation of the excitatory TRP channels by cannabinoids (except TRPM8, which is commonly inhibited) seems at odds with the idea of their antinociceptive action. Yet it is hardly coincidental that all of the best characterised "painful" TRPs (Section 3.1) are affected by cannabinoids, as was summarised in Table 1 .
Several mechanisms may explain this enigma. First, the agonistic action for pain treatment may be relevant whereby activation of TRPs in sensory neurones by cannabinoids is followed by receptor desensitization, as documented at least in case of TRPA1 [137] . Second, activation of TRPA1 can desensitize TRPV1, and vice versa, and such crossdesensitization of different TRPs may be exploited in pain control. Third, activation of TRPs can selectively affect synaptic strength at different types of synapses. In this regard, the following scenario can be considered as an example. Activation of mGlu1 receptors, playing key roles in the modulation of nociceptive processing in the thalamus [139] , produces both eCBs and eicosanoid metabolites of AA, which both effectively activate TRPV1 receptors [114] . In turn, activation of TRPV1 located on presynaptic terminals in-duces LTD. Importantly, TRPV1 receptor activation selectively modifies synapses onto interneurons, whereas the neighboring excitatory synapses onto CA1 pyramidal cells are not affected [140] . Thus, overall effect of TRPV1 receptor activation at the network level (excitation or inhibition) may not be that obvious. Forth, as already discussed, cannabinoids appear to be low-potency partial TRP agonists (e.g. anandamide acting at TRPV1), in which case their binding to TRP channels should attenuate the action of a full agonist to produce analgesic effects. Finally, TRP agonists may be not only pro-, but also anti-inflammatory agents [141, 142] , this way reducing inflammatory pain.
It is also notable that TRP channels are involved in direct protein-protein interaction, but this potential is not yet well explored and understood in the context of cannabinoid and nociceptive signalling. Sensitization of TRPV1 plays a key role under inflammatory conditions, while TRPV1 antagonists are of limited use due to their ability to induce hyperthermia. One recent study showed that GABA B1 receptor subunit inhibits TRPV1 sensitization. This action is independent of G protein signalling, but instead relies on close juxtaposition of the GABA B1 and TRPV1, and it does not disrupt TRPV1 functioning under normal conditions [143] .
CONCLUSION
As summarised in this review, not only the endocannabinoid system plays important role in the control of nociceptive signalling among many other pivotal functions of this system, but also several TRP subtypes, which only few years ago were tentatively coined as "ionotropic cannabinoid receptors", can now be firmly placed within the endocannabinoid system as its integral and important part (Fig. 1) . It is fascinating that several TRPs having been most extensively studied in the transduction of noxious stimuli are also molecular targets for various cannabinoids. These include TRPV1-4, TRPA1 and TRPM8 proteins, all of which are also thermosensitive channels. This is hardly a casual relationship, and thus it is tempting to speculate that eCBs and phytocannabinoids exert their anti-nociceptive behaviour via their action on these, and possibly other TRPs, in addition to the better understood roles of CB1 and CB2 receptors, e.g. in the regulation of synaptic transmission. However, much caution is needed in the interpretation of still largely disparate results in this area of research. Not only cellular mechanisms linking nociceptive and cannabinoid signalling with TRP channels remain somewhat speculative, but also there is clearly a lack of specificity in the action of cannabinoids on TRP channels aggravated by the fact that the same TRP subtype can serve multiple purposes depending on mode of its activation and cell type, while different TRP proteins can form functional heteromultimers. Furthermore, the fact that many studies have been so far performed in heterologous expression systems or using isolated native cells highlights the urgent need for further studies to confirm the in vivo relevance of these effects of cannabinoids on TRP channels. It is also clear that in order to fully realise this presently emerging potential of cannabinoid/TRP signalling in pain control much better understanding of the various components of the endocannabinoid system itself and their interactions will also be required. 
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